1. The most accepted theories in soil ecology suggest that broad (e.g. respiration) and specialized (e.g. denitrification) functions are affected differently by resource availability and microbial communities in terrestrial ecosystems. However, there is a lack of experimental approaches quantifying and separating the role of microbial communities from the effect of soil abiotic properties on different aspects of soil ecosystem functionality. 2. Here, we conducted a full-factorial design microcosm experiment and used random forest and structural equation modelling (SEM) analyses to evaluate the role and the relative importance of soil properties (sterile soils A, B and C differing in abiotic attributes) and microbial communities (microbial inoculums from soils A, B and C) in driving soil respiration (i.e. broad functioning), denitrification (i.e. specialized functioning) and four enzyme activities and carbon (C) and nitrogen (N) availability in soil. 3. Soils with the higher total C (soils B and C) promoted the highest soil C and N availability, enzyme activities and broad functioning (i.e. soil respiration); however, we did not find any effect of total C on specialized functions (i.e. denitrification rates). Random forest analyses showed that both soil properties (i.e. total C and pH) and microbial abundance determined broad functioning (i.e. soil respiration), as well as the production of enzyme activities, and C and N availability in soil. However, we found that microbial communities were more important than soil properties for modulating specialized functioning (i.e. denitrification rates) in soil environments. Finally, our SEM also indicated that broad functioning, which is widely distributed across living organisms, is limited by both resource availability and microbial abundance. Furthermore, specialized functioning, which is conducted by particular groups of organisms, may be highly sensitive to changes in the microbial community. 4. Overall, our findings provide direct experimental evidence for the relative importance of soil properties and microbial communities on broad and specialized functioning. Such evidence helps advance our understanding of different drivers of soil ecosystem functioning which will be crucial to developing an ecologically relevant theory about below-ground ecosystem functioning.
Introduction
Soil microbial communities are among the most abundant and diverse on earth and are responsible for many ecologically and economically important ecosystem functions (Singh et al. 2009; Strickland et al. 2009; Bodelier 2011; Philippot et al. 2013; Bardgett & van der Putten 2014) . For instance, soil microbes play critical roles in decomposition, nutrient cycling, primary productivity and climate regulation (van der Heijden, Bardgett & van Straalen 2008; Strickland et al. 2009; Bodelier 2011; Schimel & Schaeffer 2012; Bardgett & van der Putten 2014; Nemergut et al. 2013; Nemergut, Shade & Violle 2014) . However, despite the theoretical importance of microbial communities for ecosystem functioning (e.g. Schimel & Gulledge 1998 ; van der Heijden, Bardgett & van Straalen et al. 2008; Fuhrman 2009; Schimel & Schaeffer 2012; Nemergut et al. 2013; Cregger et al. 2014) , a large body of the literature assumes that soil functions are mainly driven by soil properties (e.g. organic matter; Parton et al. 1987; Lawrence et al. 2011; Bonan et al. 2013; Graham et al. 2014) , with a minimal control by microbial communities. Such a framework results in microbial data being neglected from current global models that aim to predict ecosystem functioning (but see Powell et al. 2015) . More recent studies provide evidence on the importance of microbial communities for ecosystem functioning (Colman & Schimel 2013; Wieder, Boehnert & Bonan 2014) , including broad (e.g. microbial respiration; Strickland et al. 2009 ), specialized (e.g. denitrification; Philippot et al. 2013 ) and multiple ecosystems functions simultaneously (Jing et al. 2015; Delgado-Baquerizo et al. 2016) . Moreover, some recent studies, based on observational (correlational) approaches, have evaluated whether the microbial community and/ or classical abiotic predictors (e.g. climate and soil properties) can improve the prediction of soil functioning, with contrasting conclusions (e.g. Graham et al. 2014 vs. Powell et al. 2015 . One key reason for these conflicting responses is the lack of experimental approaches to disentangle the relative importance of microbial regulation vs. soil properties on both broad and specialized functioning in terrestrial ecosystems (Reed & Martiny 2007) . This point is critical for developing an ecologically relevant theory about below-ground ecosystem functioning and to improve simulation model prediction and management policies for sustainable environments (Reed & Martiny 2007) .
Soil ecosystem functionality is usually divided into two groups of functions: broad (e.g. soil respiration) and specialized (e.g. denitrification; Schimel, Bennett & Fierer 2005) . The main difference between these types of functions is that broad functioning is widely distributed across living organisms, while specialized functioning is usually conducted by particular groups of organisms. Because of this, broad functioning (e.g. soil respiration ; Schimel 1995; Schimel & Gulledge 1998; Monson et al. 2006) has been suggested to be insensitive to shifts in microbial community composition and diversity and is mainly driven by resource availability (e.g. soil organic matter). However, the microbial community may also play an important role in broad functioning. For example, it is well known that soil respiration (i.e. aggregated functions) requires the cooperation of large and diverse groups of micro-organisms (Schimel, Bennett & Fierer 2005; Horwath 2007; Reiss et al. 2009 ) to break down soil organic matter, and thus, the microbial community may still be an important controlling factor in broad functioning. Specialized functioning (e.g. denitrification) is largely assumed to be highly dependent on microbial communities (Philippot et al. 2013; Powell et al. 2015) , due to its high dependency on particular physiological pathways; however, despite this, it has been commonly reported to be more sensitive to resource availability than to microbial community (Robertson & Groffman 2007; Wang et al. 2013; Castaldelli et al. 2013; Graham et al. 2014) . The above suggests that our current knowledge on how microbial communities and soil properties interact to drive these two types of ecosystems functions is limited (Schimel, Bennett & Fierer 2005; Peter et al. 2011) . Similar reasoning applies to the production of extracellular enzymes by microbial communities. Extracellular enzymes, usually considered proxies of processes such as organic matter decomposition and soil respiration, are synthesized by specific groups of microorganisms in soil, being potentially sensitive to the changes in microbial community. However, the microbial community able to produce these types of enzymes may be widely distributed in terrestrial ecosystems, with soil properties such as soil pH and total C being the main predictors regulating the production and activity of these soil enzymes (Schimel, Bennett & Fierer 2005; Sinsabaugh et al. 2008) . The interplay between soil properties and microbial communities may have important implications on the broad and specialized functioning under changing environments Wallenstein et al. 2010; Keiser, Knoepp & Bradford 2013; Classen et al. 2015) .
Shifts in land use from natural to agriculture are altering both soil properties and microbial communities in terrestrial ecosystems (Bossio et al. 1998; Rodrigues et al. 2013; Thomson et al. 2015) . For example, cultivation is known to generally reduce the amount of soil total C (Schlesinger & Bernhardt 2013) , promoting C and N losses to the atmosphere and reducing nutrient availability (Houghton et al. 1996) . Similarly, changes in land use are altering both microbial community and diversity in terrestrial ecosystems (Rodrigues et al. 2013) . However, little is known about the distinct effects of changes in microbial communities and soil properties on soil ecosystem functionality and C and N availability in natural and managed ecosystems. Given that the human pressure on soil is expected to increase this century from agricultural uses to meet increasing food demand for the growing population (World Bank 2008, OECD/FAO 2011), understanding the direct and indirect effects of soil properties via microbial community on ecosystem functionality is critical to accurately assess the future response of ecosystem functioning to global change.
In this study, we aim to evaluate the individual and interactive impacts of microbial community and physicochemical properties on soil functions. Following the most accepted soil ecological theories (Schimel, Bennett & Fierer 2005) , we hypothesized that soil properties such as total C regulate broad functioning and C and N availability in soil, however, microbial communities may constrain the rates in which specialized functioning and enzyme activities occur in terrestrial ecosystems, regardless of soil characteristics. To test these hypotheses, we conducted a full-factorial design microcosm experiment to evaluate the role of soil properties (sterile soils A, B and C) and microbial communities (microbial inoculums from soils A, B and C) on broad (i.e. soil respiration) and specialized (i.e. denitrification) functioning and on six proxies of soil processes (activity of b-glucosidase, b-D-cellobioside, L-leucine aminopeptidase and N-acetyl-b-glucosaminidase) and C and N availability in soil. A similar approach has been recently used to explore the role of microbial communities in controlling litter decomposition in terrestrial ecosystems (Ayers et al. 2009; Cleveland et al. 2014) . However, ours is to our knowledge the first study to transplant microbial communities across different soil types to identify the relative importance of microbial communities and soil properties in driving soil broad and specialized functioning.
Materials and methods

S T U D Y S I T E A N D S O I L S A M P L I N G
Soils for this study were collected during 2013 from three different locations including two croplands and a grassland from Eastern Australia. Sites A and B are sugar cane and cotton croplands located in Queensland and New South Wales, respectively (Table 1 ). Site C is a semi-natural grassland (with Eucalyptus sp. tree disperse; Table 1 ). Climate and soil physico-chemical properties for the top 20 cm are available in Table 1 . The three soils used in this study were selected based on their soil properties; the three soils had different soil pH and/or carbon content. Soil pH and carbon content ranged from 5Á5 to 8Á4 (soils A and B) and 1Á2 vs. 2Á1% (soils A and C), respectively. Using soil with a wide range of soil properties (i.e. chemical and biological) is essential to distinguish the role and the relative importance of abiotic and biotic factors in driving ecosystem functions.
Thirty soil cores (20 cm depth and 5 cm diameter) were randomly sampled at each site. Soil samples were bulked by site to get a representative microbial community. In the laboratory, soil samples were sieved (2-mm mesh) and homogenized. After this, one fraction of soil was kept at 4°C until further laboratory preparation. The other fraction was sterilized using gamma radiation (50 kGy). We used gamma radiation as it is known to cause minimal perturbations to the physical properties of soils compared to other methods such as soil autoclaving (Wolf et al. 1989; Lotrario et al. 1995) .
M I C R O C O S M E X P E R I M E N T
We established a full-factorial experimental design with two factors, each with three levels: soil type (sterile soils A, B and C) and microbial community (inoculums from soils A, B and C). Microcosms were constructed by carefully placing 100 g of sterile soil in 125-mL serum bottles. The microbial communities were then re-introduced into the soil; 50 g of non-sterile soil was resuspended in 200 mL of sterile PBS (phosphate-buffered saline), and then 5 mL was added to each soil in order to get the different soil type-microbial community combinations. Moisture was then adjusted to 50% water holding capacity. Three replicates per combination of treatment were established, resulting in a total of 27 microcosms. Microcosms were incubated at 20°C and dark conditions for 8 weeks, to allow the microbial biomass to recover.
S O I L M I C R O B I A L C O M M U N I T Y C H A R A C T E R I Z A T I O N
After incubation, soil samples were collected from each microcosm to characterize bacterial and fungal abundance, diversity and communities. Soil DNA was extracted using the Powersoil Ò DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA) according to the instructions provided by the manufacturer. The abundance of fungi and bacteria was measured using quantitative PCR (qPCR). We performed quantitative PCR on a Carber Rotor-Gene 6000 cycler Real-Time PCR (Qiagen, Doncaster, Vic. Australia). Bacterial 16S and fungal ITS genes were amplified with the Eub 338-Eub 518 and ITS1-5Á8S primer sets, respectively, as described in Fierer et al. (2005) . The abundance of fungi and bacteria was expressed as the number of gene copies g À1 soil.
Bacterial and fungal compositions were measured using multiplex-terminal restriction fragment length polymorphism (T-RFLP). Amplicons for T-RFLP were produced using the bacterial 16S ([VIC] 63F-1087R) and ITS ([6-FAM] ITS1F-ITS4R) primer sets, respectively, as described in Singh et al. (2006) . PCR amplicons were purified using the Wizard Ò SV Gel and PCR clean-up system (Promega, Madison, WI, USA) following the manufacturer's instructions. The concentration and purity of purified DNA were measured using a NanoDrop TM 1000 spectrophotometer (Thermo Scientific, Paisley, UK). DNA concentration estimates were then used to normalize the amount of DNA for restriction digestion. The pools of bacterial and fungal DNA were digested at 37°C for 3 h with the restriction enzyme HhaI (Promega) following the manufacturer's guidelines in a 10-lL reaction mixture. DNA fragment analysis was performed on an ABI PRISM Ò 3130xl Genetic Analyser (Applied Biosystems, Foster City, CA, USA). After ensuring that the quality of the capillary electrophoresis run was satisfactory, relative abundance tables were obtained for statistical analysis from GeneMapper and T-rex (Culman et al. 2009 ). Before statistical analysis, only terminal fragments in the length range of 30-500 base pairs were selected to comply with the range of the T-RFLP standard. The baseline was determined using the area above the fluorescence noise of each run which excluded peaks resulting from technical artefacts. Peaks with relative abundance below 0Á5% were removed from the analysis, and remaining peaks were combined when differing for less than one base pair. As bacterial and fungal community composition was represented by multivariate variables (66 and 149 TRFs, respectively), we conducted a nonmetric multidimensional ordination (NMDS) to simplify the different microbial community composition responses in our study. The two-dimensional NMDS solution sufficed to represent the data (stress = 0Á06 and 0Á12 for fungi and bacteria, respectively). 
We conducted NMDS with the PRIMER v6 statistical package for Windows (PRIMER-E Ltd., Plymouth Marine Laboratory, Prospect, UK), using the Euclidean distance.
After incubation, we measured two metrics of broad (soil respiration: CO 2 fluxes) and specialized (denitrification: N 2 O fluxes) functioning and six proxies of soil processes: activity of b-glucosidase (starch degradation), b-D-cellobioside (cellulose degradation), Lleucine aminopeptidase (protein degradation) and N-acetyl-b-glucosaminidase (chitin degradation) and C and N availability (dissolved organic C and available N). All these surrogates of functionality are critical for ecosystem services such as climate regulation, food production and waste decomposition (Schlesinger & Bernhardt 2013) and are commonly used in the current literature Ayers et al. 2009; Philippot et al. 2013; Cleveland et al. 2014; Graham et al. 2014; Powell et al. 2015) . Gaseous samples (12 mL) from the headspace of each serum bottle were taken during incubation (i.e. last week of incubation period) using a plastic syringe. The gas sample was then quickly injected into a pre-evacuated 12-mL glass Exetainer (Labco Ltd, Lampeter, UK). Headspace sampling was performed at 11 time points: immediately after locking the lid (T0) and after 6, 24, 30, 48, 54, 120, 144, 170, 216 and 290 h. The concentration of CO 2 and N 2 O was measured on a gas chromatograph (GC) fitted with a flame ionization detector (Shimadzu-2010 gas chromatograph). The concentration of CO 2 and N 2 O was determined from a linear model and expressed as lg CO 2 -C or pg N 2 O-N h À1 g À1 soil.
Regarding nutrient availability measurements, soil samples (4 g of soil) were extracted with 0Á5 M K 2 SO 4 in a ratio 1:5. Soil extracts were shaken in an orbital shaker at 200 rpm for 1 h at 20°C and filtered through a 0Á45-lm Millipore filter (Jones & Willett 2006) . The concentration of dissolved organic C (DOC) and available N (the sum of organic and inorganic N) was measured from these extracts using a TOC/TON analyser (TOC-Vsch, Shimadzu, Kyoto, Japan). Finally, extracellular soil enzyme activities b-glucosidase, b-D-cellobioside, L-leucine aminopeptidase and Nacetyl-b-glucosaminidase were measured from 2Á75 g of soil by fluorometry as described in Bell et al. (2013) .
S T A T I S T I C A L A N A L Y S E S
We used two-way ANOVAs to evaluate the changes in microbial community features (bacterial and fungal community and abundance), broad and specialized ecosystem functionality, enzyme activities and C and N availabilities among different soil types (soils A, B and C) and microbial community inoculums (microbial inoculum from soils A, B and C). Soil types and microbial community inoculums were included as fixed factors in these analyses. Before conducting these analyses, DOC, denitrification rates (N 2 O fluxes) and enzyme activities (b-glucosidase, b-D-cellobioside and N-acetyl-b-glucosaminidase) were log-transformed to achieve normality. We used these log-transformed variables for the rest of the analyses explained below including random forest and structural equation modelling. These statistical analyses were carried out using IBM SPSS 15Á0 (SPSS Inc, Chicago, IL, USA). A P < 0Á05 was the ultimate cut-off for any significant effects in our ANOVA.
We used Spearman's correlation analyses to evaluate the relationship between soil properties (total C and pH) and soil microbial communities with soil respiration (i.e. broad functioning), denitrification (i.e. specialized functioning), four enzyme activities and carbon (C) and nitrogen (N) availability in soil. We then evaluated which soil properties (total Ca common proxy of organic matterand pH) and microbial community features (bacterial and fungal community and abundance) were the most important predictors of broad and specialized functioning, enzyme activities and C and N availability. To do this, we conducted a classification random forest analysis (RF, Breiman 2001) as explained in Delgado-Baquerizo et al. (2015) . In our RFs, the different soil properties (soil pH and total C) and microbial features (qPCR and T-RFLP data) were included as predictors of the different C and N functions and availability as response variables. These analyses were conducted using the random forest package (Liaw & Wiener 2002) for the R statistical software, version 3.0.2 (http://cran.rproject.org/). The significances of the model and the cross-validated R 2 were assessed with 5000 permutations of the response variable using the A3 (Fortmann-Roe 2013) R package. Similarly, the significance of the importance measures of each predictor (here soil variables) on the response variable (soil functions) was assessed by using the rfPermute (Archer 2013) package for R.
Finally, we conducted structural equation (SE) modelling (Grace 2006) to evaluate how the direct and total effects of soil properties (total C and pH) and microbial communities determine the soil ecosystem functionality. We included those soil properties and microbial features that had a significant effect on ecosystem functionality in our RF analyses. In this regard, slight variations may occur between the different models for each C and N function evaluated here (see a priori model in Fig. S1 , Supporting information). When more than one microbial feature had a significant effect on ecosystem functioning and C and N availability, we included those variables as composite variables in our model. The use of composite variables does not alter the underlying assumptions of SE models, but collapses the effects of multiple conceptually related variables into a single composite effect, aiding the interpretation of model results (Shipley 2001) . When data manipulations were complete, we parameterized our a priori model (Fig. S1) using our data set and tested its overall goodness-of-fit. There is no single universally accepted test of overall goodness-offit for SE models. Thus, we used the chi-square test (v 2 ; the model has a good fit when 0 ≤ v 2 ≤ 2 and 0Á05 < P ≤ 1Á00) and the root mean square error of approximation (RMSEA; the model has a good fit when RMSEA 0 ≤ RMSEA ≤ 0Á05 and 0Á10 < P ≤ 1Á00; Schermelleh-Engel, Moosbrugger & Muller 2003). Additionally, and because some variables were not normally distributed, we confirmed the fit of the model using the Bollen-Stine bootstrap test (the model had a good fit when 0Á10 < bootstrap P ≤ 1Á00; Schermelleh-Engel, Moosbrugger & Muller 2003). To aid with the final interpretation of our SE models, we also calculated the standardized total effects of the soil properties and microbial community features on ecosystem functionality, enzyme activities and C and N availability. The net influence of a given variable upon another was calculated by summing all direct and indirect pathways between these two variables. If the model fits the data well, the total effect should approximate the bivariate correlation coefficient for that pair of variables (Shipley 2001; Grace 2006) .
Results
S O I L M I C R O B I A L C O M M U N I T Y C H A R A C T E R I Z A T I O N
As a whole, our experimental design achieved success in terms of microbial colonization among different soil types (e.g. soils A, B and C; Fig. 1 ). For instance, we did not find any significant differences in terms of fungal and bacterial abundance (i.e. qPCR) among different soil types (Fig. 1a,b ; Table S1 ). Likewise, we obtained a similar fungal community 2 (second axis of a NMDS with fungal T-RFLP data) in all different soils and similar patterns, albeit statistically different, for fungal community 1 (Fig. 1c) , mainly driven by microbes type C. Similarly, colonization success for bacterial community A was achieved for all soils (Fig. 1e,f) . However, the bacterial community from soil C showed slightly different colonization patterns in different soils as supported by the significant interaction between soil type and microbial community (P < 0Á001; Fig. 1e ,f; Table S1 ).
S O I L E C O S Y S T E M F U N C T I O N A L I T Y , E N Z Y M E A C T I V I T I E S A N D C A N D N A V A I L A B I L I T I E S
We found several interactions between soil type and microbial community for both broad and specialized functioning. For instance, while inoculums B and C showed a lower soil respiration and denitrification rate than inoculum A in soil A (soil with the lowest total C; Table 1 ; Table S1 ), inoculums A and B had a higher soil respiration and denitrification rate than inoculum C in soil C (soil with the highest total C; Table 1; Table S1 ) as supported by a significant interaction by soil type 9 microbial community (P < 0Á01; Fig. 2a,b ). Finally, we did not find any difference for either b-glucosidase, b-Dcellobioside, L-leucine aminopeptidase activities or DOC among different microbial inoculums (P > 0Á05; Fig. 2c,e ). However, inoculums B and C promoted the highest Nacetyl-b-glucosaminidase and N availability, respectively (P < 0Á05; Fig. 2d,f ; Table S1 ). Moreover, we found a soil type x microbial community interaction for L-leucine aminopeptidase; however, further post hoc analyses (Tukey) revealed a lack of difference in L-leucine aminopeptidase across microbial inoculums (P > 0Á05; Table S1 ). Regarding soil types, soil type C, with the highest total carbona common proxy of organic matter (Table 1) showed the highest soil respiration and enzyme activity (b-glucosidase, b-D-cellobioside and N-acetyl-b-glucosaminidase) regardless of microbial inoculum (P < 0Á01; Fig. 2a,c,d ; Table S1 ). Similarly, soil types B and C showed the highest carbon and nitrogen availability and L-leucine aminopeptidase activity in soil regardless of the microbial inoculum (P < 0Á01; Fig. 2e,f; Table S1 ). Contrary to this, we did not find any clear pattern in specialized functioning (i.e. denitrification rates) among any soil types (Fig. 2b) . 
M I C R O B I A L C O M M U N I T I E S V S . S O I L P R O P E R T I E S A S P R E D I C T O R S O F E C O S Y S T E M F U N C T I O N I N G , E N Z Y M E A C T I V I T I E S A N D C A N D N A V A I L A B I L I T Y
Soil properties (especially total C) and microbial abundance were highly related to broad functioning (i.e. soil respiration), enzyme activities and C and N availability ( Table 2 ; P < 0Á05). Contrary to this, only bacterial community 2 and fungal community 1 were related to specialized functioning (i.e. denitrification; Table 2 ; P < 0Á05). Similarly, our random forest models identified soil properties (total C and pH) and fungal and bacterial abundance (i.e. qPCR) as the main predictors of broad functioning, enzyme activities and C and N availability in soil (Fig. 3) . Contrary to this, bacterial communities (two axes of the NMDS analysis) were suggested by our models as the major predictors of specialized functioning (i.e. denitrification) in these soils (Fig. 3b) .
Interestingly, our SE models determined that broad functioning (soil respiration) is directly driven by total C (positive) and indirectly determined by total C (positive) and soil pH (negative) via bacterial and fungal abundance (Fig. 4a) . The direct effect of C, however, is the dominant predictor. On the other hand, our models suggested that specialized functioning (i.e. denitrification) is being driven by bacterial community structure: bacterial community axes 1 and 2, respectively, of the NMDS analysis (Fig. 4b) .
Moreover, a reduced proportion of the total variation can be explained for denitrification than for soil respiration. In addition, total C and soil pH showed indirect effects on specialized functioning via bacterial community. Finally, our SE models indicate that the amount of resources in soil and abiotic properties such as soil pH directly control the production of enzymes and dissolved C and N in terrestrial ecosystems (Fig. S2 ).
Discussion
Our results provide direct experimental evidence that soil microbial community plays an important role in determining the rates of both broad (soil respiration) and specialized (denitrification) functions. The results indicate that for broad functioning, soil properties such as total C can play a bigger role than the microbial community composition. Contrary to this, bacterial community composition drove the rates of specialized functioning, regardless of soil properties. These results support the most accepted soil ecological theories that suggest that broad functions such as soil respiration, which are a product of widely distributed processes across living micro-organisms, are directly limited by resource availability (Schimel & Gulledge 1998; Schimel, Bennett & Fierer 2005; Schimel & Schaeffer 2012; Strickland et al. 2009 ). Fungal abundance and bacterial abundance also play an important role in controlling soil respiration in broad functioning, as supported by the direct effect of microbial abundance on soil respiration in our structural equation modelling analyses, although moreover, changes in microbial abundance are also largely driven by soil properties (Fig. 4 ; Wieder, Boehnert & Bonan 2014) . Also in agreement with common hypotheses, our results suggest that specialized functioning (e.g. denitrification), which relies on specific groups of micro-organisms, is highly dependent on bacterial community composition (Schimel, Bennett & Fierer 2005; Philippot et al. 2013; Powell et al. 2015) . Previous studies based on observational approaches exploring the relative importance of microbes and soil properties in controlling specialized functions led to dissimilar conclusions (e.g. Graham et al. 2014 vs. Powell et al. 2015 . Our results, based on an experimental (manipulative) study, suggest that the loss or shift of a particular physiological pathway (e.g. Table 2 . Correlation coefficients (Spearman's q) between soil properties and microbial community with soil functions (n = 27). Correlations with a P values below 0.05 are in bold
denitrification), or a component of it, in the microbial community can significantly reduce the rate of specialized functioning, regardless of the substrate availability. The fact that our models identify bacterial over fungal community as main predictors of denitrification highlight the robustness of our data, as denitrification is well known to be a process mainly carried out by bacterial communities (Philippot, Hallin & Schloter 2007; Philippot et al. 2013; Hu et al. 2014) . As a whole, our findings suggest that broad and specialized ecosystem functioning can be more Fig. 3 . Random forest mean predictor importance (% of increase in mean square error) of soil properties (soil total C and pH) and microbial metrics studied as predictors of the different broad and specialized functioning, enzyme activities and C and N availability in this study. This accuracy importance measure was computed for each tree and averaged over the forest (5000 trees). Significance levels are as follows: *P < 0Á05 and ** P < 0Á01. DOC = dissolved organic C.
sensitive to any change in soil properties (e.g. total C) and microbial communities (e.g. losses or gains of microbial species), respectively. After conducting random forest and SEM analyses, we found that soil properties (total C and soil pH) and fungal and bacterial abundance are the main predictors of enzyme activities and C and N availability in soil, regardless of microbial community (Fig. S2) . These results apply to all the enzyme activities measured here, b-glucosidase, b-Dcellobioside, L-leucine aminopeptidase and N-acetyl-b-glucosaminidase (Fig. S2) , and suggest that the production of extracellular enzymes by microbial communities may be widely distributed among different groups of microbes in terrestrial ecosystems. Thus, although the production of enzymes has been traditionally considered a specialized function (due to its dependency on particular physiological pathways), our results suggest that the depolymerization (the production of available C and N; Schimel & Bennett 2004) of the organic matter from exoenzymes is mainly driven by the amount of resources (e.g. more organic matter, more enzyme activities) and microbial abundance in a particular soil. In addition, soil pH also showed an important role in controlling microbial abundance and activity of three of our four enzyme activities: b-glucosidase, b-D-cellobioside and N-acetyl-b-glucosaminidase. For instance, soil B, with the highest pH (8Á44), showed the lowest microbial activity and abundance in this study. Soil pH has been largely shown as a main predictor of microbial community composition and enzyme activities in terrestrial ecosystems Sinsabaugh et al. 2008; Bell et al. 2013) . Extreme high soil pH may then reduce the production of enzymes promoting the accumulation of dissolved organic Fig. 4 . Structural equation models based on the effects of soil properties (soil total C and pH) and microbial community metrics on broad and specialized functioning. Numbers adjacent to arrows are standardized path coefficients, analogous to partial regression weights and indicative of the effect size of the relationship. Continuous and dashed arrows indicate positive and negative relationships, respectively. Width of arrows is proportional to the strength of path coefficients. As in other linear models, R 2 indicates the proportion of variance explained and appears above every response variable in the model. The models were satisfactorily fitted to our data, as suggested by non-significant v 2 values (v 2 = 1Á46; P = 0Á23; d.f. = 1 in all cases), nonparametric bootstrap P = 0Á11 and by values of RMSEA = 0Á13; P = 0Á24 (Schermelleh-Engel, Moosbrugger & Muller 2003) . Significance levels are as follows: a P < 0Á10; *P < 0Á05, ** P < 0Á01 and *** P < 0Á001. C and available N in soil (Table 2) . A similar negative effect of high pH on b-glucosidase, b-D-cellobioside and N-acetyl-b-glucosaminidase was reported by Sinsabaugh et al. (2008) . Because of the significant influence of soil properties and microbial abundance (i.e. random forest analyses) on enzyme activities, our results indicate that the production of enzyme activities (which largely control the entrance of nutrients available for plants and microbes in the soil) could be sensitive to both shifts in soil properties derived from global changes (e.g. land use intensity) and microbial abundance (Wallenstein et al. 2006; Strickland & Rousk 2010) . Interestingly, albeit all parameters used to evaluate goodness-of-fit indicated that our models had a good fit, we also found that the RMSEA value was a bit higher than desired. In this respect, although our approach provided robust results, a higher-resolution analytical approach to characterize the microbial community, such as the use of next-generation sequencing, may further improve the model in future studies.
Despite the distinct effect of soil properties and microbial communities on broad and specialized functioning, respectively, we also found strong interactive effects between soil properties and microbial communities controlling both types of ecosystem functioning. For example, in the 'soil type C' with the highest total C (i.e. organic matter), the colonization by microbial inoculums A and B enhanced the losses of CO 2 and N 2 O compared to the original soil microbial community (microbial inoculum C). However, in the soil with the lowest total C (i.e. soil A), the colonization by microbial inoculums B and C tended to reduce the amount of soil respiration and denitrification compared to the original microbial community (microbial inoculum A). This interesting result suggests that under relatively high resource conditions (e.g. soil C), the entrance of new microbial communities may unlock particular metabolic routes and steps that were unavailable to the previous soil microbial community (Schimel 1995; Schimel, Bennett & Fierer 2005) . This could allow the rapid depolymerization (Schimel & Bennett 2004) of soil organic matter enhancing soil respiration and denitrification rates. Contrary to this, environments with relatively low resource conditions (i.e. soil A) may require a very specialized microbial community to thrive under starving conditions by degrading recalcitrant organic matter (i.e. highly recalcitrant; Aber, Melillo & McClaugherty 1990; Couteaux, Bottner & Berg 1995) . Similar responses have been reported when exploring the role of home/away microbial communities in driving litter decomposition (Ayers et al. 2009; Cleveland et al. 2014) . These studies provided evidence that soil communities specialize in decomposing the litter produced by the plant species above them and that shifts in these microbial communities largely reduce the capacity of soil to decompose plant litter.
Our results have several implications, with the caveat that these make sense only if the results are general. For instance, the intensification of land use required to support the demand for food (OECD/FAO 2011) for a growing global population may alter both soil total C (i.e. reduction with land use intensity) and microbial communities in soil, providing a good opportunity for microbes to colonize these transient environments. In this study, the 'soil type C' represents a soil from semi-natural grassland that has been colonized for different cropland microbial communities after a disturbance (microbes from soils A and B). In this regard, our findings suggest that the microbial colonization of a transient environment (e.g. Hartman et al. 2008; Rodrigues et al. 2013 Thomson et al. 2015 can promote important losses in C and N from these ecosystems to the atmosphere and in N availability, as supported by the positive effect of inoculums A and B in soil C, compared to the original microbial community (inoculum A in soil A). Microbial communities from soils A and B that belong to arable ecosystems may be highly adapted for higher stress environments and be able to exploit resources more efficiently than microbial communities from semi-natural environments (microbial community C). The observed microbial colonization effects on ecosystem functionality under relatively high total C conditions can negatively impact important ecosystem services such as climate regulation and food production. In agreement with these results, Leff et al. (2015) found that the fertilization of agricultural environments promotes the dominance of copiotrophic bacteria, which in turn accelerate soil functional rates when C is available, supporting the reported losses in C in this study. The decline of soil total C content with cultivation has been largely studied during the last decades and is traditionally linked to the lower litter inputs from plants and higher organic matter decomposition with soil aeration after disturbance (Schlesinger & Bernhardt 2013) . Our results provide an additional complementary mechanism (i.e. shift in microbial community), which may explain the huge losses of C (as much as 0Á8 9 10 15 g C year À1 ; Schlesinger & Bernhardt 2013) during the first step of these ecosystem conversions.
Our findings provide empirical evidence that soil microbial communities play significant roles driving both broad and specialized functioning in terrestrial ecosystems, even after the abiotic properties of soils are accounted for. Overall, our results suggest that soil properties affect broad functioning directly (e.g. resource availability) but also via its impact on microbial abundance, while specialized functioning was mainly driven by the microbial community. These results help advance our understanding of the relative importance of soil physico-chemical properties and microbial communities on soil functioning, which is need to improve future management practices in order to maintain ecosystem functionality and services in terrestrial ecosystems.
